The paired box 6 (PAX6) gene is critical to eye development. Based on prior linkage evidence, this study was conducted to investigate the association of PAX6 polymorphisms with high myopia in a Han Chinese population. METHODS. Tag single nucleotide polymorphisms (tSNPs) in the PAX6 locus were selected based on HapMap data, and other polymorphisms in its functional regions were also identified. Both tSNPs and identified variants were genotyped in 164 nuclear families with 170 highly myopic (spherical equivalent Ͻ Ϫ6.0 D in both eyes) offspring. The linkage disequilibrium pattern of SNPs was established in the parental group (n ϭ 328). Family-based association tests were performed using family-based association testing (FBAT) and genetic association computer analyses. RESULTS. Single marker analysis of SNPs rs3026390 and rs3026393 showed significant association with high myopia as a qualitative trait in dominant and recessive models (P ϭ 0.0014 and P ϭ 0.0011, respectively). For rs3026393, the genotype relative risk was 2.57 for G/T and 2.22 for T/T with reference to G/G. Significantly increased transmission was demonstrated for the haplotypes carrying allele T of rs3026393 in the additive and dominant models (P Ͻ 0.0070), whereas significantly decreased transmission was found for haplotypes carrying allele G of rs3026393 in the recessive model (P ϭ 0.0173). Preferential transmission of single alleles and haplotypes remained significant after correction for multiple comparisons. CONCLUSIONS. This study demonstrates the association of PAX6 variants with susceptibility to high myopia. The PAX6 locus may contain polymorphisms playing a role in high myopia in
M yopia is the most prevalent human eye refractive error in all human populations and has become a public health problem causing considerable social cost every year. 1, 2 In general, a myopic eye with refractive error less than Ϫ6 D is termed as high myopia or pathologic myopia. 3 High myopia is associated with serious ocular morbidity and hence is a major cause of visual impairment and even blindness. 4 Understanding the genetic network of myopia has been the subject of numerous studies for years. Myopia is thought to be multifactorial with environmental and genetic factors as well as their interactions being involved. [5] [6] [7] [8] [9] Asian populations generally have a higher prevalence and degree of myopia than Caucasian and African populations, 1, 10, 11 which suggests that specific hereditary backgrounds may account for this interesting phenomenon. Twin studies have consistently reported a higher concordance of myopia in monozygotic than dizygotic twins and high heritability for myopia. 12, 13 All forms of myopia including low, moderate, and high myopia are likely to have a genetic involvement, [11] [12] [13] [14] [15] with the suggestion that high myopia may have a stronger genetic background. 16 -21 Linkage studies have identified several chromosome loci for high myopia, and these have been reviewed in detail. 9, 22 Nonsyndromic high myopia is thought to be polygenic, 20 and association studies are therefore likely to be a more powerful approach to identifying genetic variations for such complex traits. 23 Recent association studies have reported significant association of individual candidate genes with high myopia, although none of these have so far been replicated. 24 -27 The use of the transmission disequilibrium test (TDT) 28 and its derivatives, such as family-based association tests (FBATs), 29 can avoid spurious association due to population stratification and thus provide an important means of analysis in complex trait gene mapping. In the current study, we used such an approach to investigate the relationship between PAX6 polymorphisms and high myopia.
The paired box 6 (PAX6) gene is a highly conserved member of a family of transcription factors containing the paired and homeobox DNA-binding domains and is an essential pleiotropic transcriptional regulator for vertebrate tissue development such as eye, brain, and pancreas. 30 Mutations of the PAX6 gene have been extensively investigated and can result in different disease phenotype, such as human aniridia, keratitis, and microphthalmia. [31] [32] [33] [34] Dosage of PAX6 expression is also critical to normal eye development, because overexpression can cause microphthalmia. 35 The significant changes in PAX6 expression level in an animal form-deprivation myopia model suggest that PAX6 may be involved in the occurrence of myopia. 36 In 221 randomly selected dizygotic twins, Hammond et al. 37 found strong linkage of refractive error with the PAX6 locus, but association of PAX6 polymorphisms could not be demonstrated in their study. Both linkage and functional evidence from previous studies suggest that PAX6 plays a role in the control of eye globe growth. Therefore, we hypothesized that the PAX6 gene is a potential candidate for susceptibility to high myopia.
The PAX6 gene is located on chromosome 11 region p13 and has 13 exons spanning approximately 25 kilobases (kb). Using the FBAT approach, we investigated the genetic associ-ation between high myopia and PAX6 polymorphisms in a group of Han Chinese nuclear families with highly myopic siblings. The International Haplotype Genetic Map (HapMap) provides a genome-wide linkage disequilibrium (LD) pattern and greatly facilitates the association analysis for complex diseases. In this study, the tag single nucleotide polymorphism (tSNP) markers for family-based association analysis were selected according to the phase II HapMap data (http://www. hapmap.org/ provided in the public domain by a consortium of partners and sponsors worldwide). In addition, we also used 20 random healthy Han Chinese samples to screen variants in the exons and potential regulatory regions of the PAX6 gene and the identified SNPs or microsatellite (MS) were tested in subsequent association analyses as well.
MATERIALS AND METHODS

Subjects
Genomic DNA was extracted from venous blood of random healthy donors and all recruited high myopia nuclear family members as previously described. 24, 38 The study was approved by the Human Subject Ethics Subcommittees of Hong Kong Polytechnic University and Zhejiang University and adhered to the tenets of the Declaration of Helsinki. Twenty samples from random healthy Han Chinese donors obtained from Hong Kong Red Cross Blood Transfusion Service were used for identifying potential variants. Each recruited nuclear family consisted of two parents and at least one affected sibling with high myopia. Clinical data including onset age of myopia, refractive error, intraocular pressure (IOP), corneal power (CP), ocular axial length (AXL), anterior chamber depth (ACD), and lens thickness (LT) were obtained as previously described. 24 The entry criterion for highly myopic siblings in this study was less stringent than that in our previous study 24 as we recruited some subjects with a spherical equivalent worse than Ϫ6.0 D for both eyes (n ϭ 18). The entry age of these additional 18 siblings was younger than 16 years, and we thought that they were very likely to develop high myopia worse than Ϫ10.0 D. Mean spherical equivalent (MSE) of the two eyes for each sibling was used for analysis. Myopic siblings were excluded if they had an average corneal power (CP) of two meridians Ͼ 47.0 D in either eye.
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Selection of Genetic Markers for Association Analysis
Genetic markers were selected based on three approaches. First, tSNPs in the PAX6 locus were selected based on the tSNP data of phase II HapMap and tested in the genetic association study. Second, the PAX6 coding sequence and their immediate flanking intronic regions (within 250 bp) and noncoding sequences approximately 3.5 kb upstream of the start codon and 2.0 kb downstream of the stop codon were screened to identify potential functional polymorphisms. The identified SNPs or MS were also tested in association analysis. Third, according to the tSNP data of phase II HapMap, additional SNPs were tested if they were in tight LD with the SNPs, showing significant association in the initial phase.
Polymerase Chain Reaction
Four tSNPs were identified from the HapMap database for PAX6, and four primer pairs were designed on computer (Oligo, ver. 6.57; Molecular Biology Insights, Cascade, WA) to amplify the DNA fragments containing tSNPs: rs3026354 (SNP2), rs3026393 (SNP6), rs1506 (SNP7), and rs662702 (SNP9). Note that the SNPs are also called SNP1, SNP2, and so on, in the order from the 5Ј to the 3Ј end of the locus, for the sake of easy discussion. The tSNPs were selected based on the phase II HapMap data with the criteria of r 2 Ͼ 0.8 and minor allele frequency (MAF) Ͼ 0.05. 40 Another primer pair was designed to amplify a GA dinucleotide MS marker (VNTR11_31793115; http:// www.microsatellites.org) in the 5Ј upstream region. Meanwhile, 28 additional primer pairs were designed to amplify the PAX6 coding and potential regulatory sequences. Primer sequences are available on request. Touchdown PCR was used to amplify the DNA samples, and the same DNA pooling strategy of identifying variants was applied again in the screening stage.
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SNP Identification and Genotyping for Random Healthy Blood Donors
In the screening stage, a DNA fragment analysis system (WAVE; Transgenomic, Omaha, NE) was used to analyze the PCR products. The details of denaturing high performance liquid chromatography (DHPLC) analysis for SNP identification are described in our previous report.
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Genotyping of SNP and MS Markers for Myopia Families
The tSNP rs3026393 (SNP6), located in the recognition sequence (5ЈCTCTTCN 1 23Ј/3ЈGAGAAGN 4 15Ј) of Eam1104I (or Ksp6321) was genotyped with restriction analysis. The forward primer was 5Ј-TTTT-TAGGTTTGCCTCTCTTCTCACAGC-3Ј with poly-T tail (in bold) and a modified base T (in italic) to create an internal control site for enzyme reaction. The reverse primer was 5Ј-CCATCCCCCAGGGACAAGGA-3Ј. A 10-L reaction mix consisting of 5 L PCR product, 1 L 10ϫ yellow buffer (Tango; MBI Fermentas, Vilnius, Lithuania), and 5 units of Eam1104I was prepared and incubated at 37°C for 16 hours. The restriction products were analyzed by agarose gel electrophoresis. The size of the PCR product is 306 bp. Cleavage of the internal control site produced two DNA fragments (285 and 21 bp). For samples carrying allele T, the 285-bp fragment was further cut into two fragments of 203 and 82 bp.
The other 3 tSNPs-SNP2, -7, and -9 -were genotyped with an SNP detection kit (AcycloPrime-FP; PerkinElmer, Boston, MA). The method was a modification of template-directed dye-terminator incorporation with fluorescence polarization (FP) detection. 41 The sequences of the SNP primers were 5Ј-CCATCCCCAAACTCTTTAACTG-3Ј for SNP2, 5Ј-ATAAATCGGCACACATCTACACCC-3Ј for SNP7, and 5Ј-TGTGTGGT-GAGGGAACTGTCAGA-3Ј for SNP9. The optimal cycles for FP reaction were 30 to 35 for these three tSNPs. FP was measured (Victor 3 V Multilabel Reader; PerkinElmer), and genotypes were called using the SNPscorer software (PerkinElmer).
For all the remaining SNPs, including rs1894620 (SNP1), rs3026371 (SNP3), rs2239789 (SNP4), rs3026390 (SNP5), and rs12421026 (SNP8), the same DHPLC-based approach 38 was applied to genotype the high myopia samples because of the logistic arrangement in the use of instruments in our laboratory.
The MS located in the 5Ј upstream region was genotyped based on the size of the PCR-amplified fragments separated with a genetic analyzer (Prism 310; Applied Biosystems [ABI], Foster City, CA). The sequence was 5Ј-FAM-CCACTGGGCTGCTAGGAA-3Ј, for the 5Ј labeled forward primer, and 5Ј-CCTTGGCACCTTCAGGCT-3Ј, for the reverse primer. The PCR product (0.5 L) was mixed with 0.5-L fluorescent size standard (GeneScan-500 ROX Standard; ABI) and 9 L formamide (HiDi; ABI). The mixture was subjected to electrophoresis in a genetic analyzer (Prism 310; ABI), and the raw data were analyzed on computer (GeneScan 3.1 software; ABI).
Statistical Analysis of Ocular Data
Commercial software (SPSS, ver. 11.0; SPSS Inc., Chicago, IL) was used to test the partial correlation between MSE of the affected siblings and other ocular components (AXL, ACD, LT, and CP).
LD Analysis of the SNPs in the Parental Group
The SNP genotype data of the parents of high-myopia nuclear families were input into the software Haploview 42 
Genetic Association Study
A genetic association study was performed using the Family-Based Association Test software package (FBAT, ver. 1.7.3; http://www. biostat.harvard.edu/fbat/default.html/). 29, 43 Association tests for single loci and haplotypes under additive, dominant and recessive models were performed using FBAT with high myopia taken as a dichotomous trait: affected with high myopia (spherical equivalent Ͻ Ϫ6.0 D for both eyes) or unaffected. The null hypothesis was no association in the presence of linkage in view of the prior linkage evidence from Hammond's study, 37 and the alternative hypothesis was that there was both linkage and association.
The multiple-comparison problems for the alleles of a given marker were solved by the global statistic under any given genetic model. The more powerful false-discovery rate (FDR) 44 was used to control for multiple-hypothesis testing, instead of the conventional Bonferroni adjustment. For bi-allelic SNP markers, dominant and recessive models give reciprocal results and thus are equivalent to one test for the purpose of accounting for multiple testing. For multiallelic MS markers, dominant and recessive models results are not reciprocal, and thus are two independent tests. Therefore, for the global statistics, there were nine SNPs, each tested under two different genetic models (additive and dominant/recessive), plus one MS tested under three genetic models and thus 21 tests of global association altogether. After adjustment for multiple comparisons and with an FDR level of 0.05, the cutoff for significant global association was 0.0048 calculated as PЈ ϭ 0.05i/21 when P i Ͻ 0.05i/21 for the first time, where P i is the i th probability in the list of 21 observed values sorted in an ascending order and the comparisons between P i and 0.05i/21 are made sequentially from the largest to the smallest values.
Similarly, the multiple-comparison issues for the haplotypes of selected SNPs were solved by the global statistic under any given genetic model. For the global statistics of haplotypes consisting of four tSNPs, there were three tests of global association (see Table 4 ). For the global statistics of haplotypes of SNP5, -6, and -8, there were four groups of haplotypes each tested under three different genetic models and thus 12 tests of global association (Table 5) . Thus, there were 15 comparisons. After adjustment for multiple comparisons with an FDR of 0.05, the cutoff for significant global association was 0.0300 calculated as PЈ ϭ 0.05i/15 when P i Ͻ 0.05i/15 for the first time, where P i is the i th probability in the list of 15 observed probabilities sorted in ascending order, and the comparisons between P i and 0.05i/15 are made sequentially from the largest to the smallest values.
A matched case-control dataset was generated with each myopic sibling matched to three possible pseudocontrol subjects created from the untransmitted parental allele. 45, 46 Conditional logistic regression was used to analyze this case-pseudocontrol dataset and calculate the effect size of the marker genotype on the disease risk as the genotype relative risk (GRR) and the corresponding 95% confidence intervals (CIs). Analysis was performed with the GenAssoc package (http://www-gene.cimr.cam.ac.uk/clayton/software/stata/ developed by David Clayton, Cambridge University, Cambridge, UK) and executed within commercial software (Stata, ver. 8.2; Stata Corp., College Station, TX).
RESULTS
Analysis of Clinical Myopia Data
The detailed information of myopic offspring is listed in Table  1 . The MSE of highly myopic offspring was Ϫ11.99 Ϯ 3.60 D with a single-eye spherical diopter ranging from Ϫ6.0 to Ϫ22.50 D and cylinder diopter from 0 to Ϫ4.25 D. Of the total 164 nuclear family families (328 parents and 170 highly myopic offspring) studied, 158 had one affected sibling with high myopia, and six had two highly myopic siblings. No significant sex association for the prevalence of high myopia was observed among the myopic siblings (P Ͼ 0.05). For all affected siblings, corneal curvature examination showed no corneal shape anomaly. Partial correlation analysis showed significant correlation between MSE and ocular refractive components of AXL, ACD, and CP, with the exception of LT. In line with our previous study, 24 AXL still had the strongest correlation (r ϭ Ϫ0.60; P Ͻ 0.001) to refractive error.
LD Analysis of the SNPs in the Parental Group
No SNP used in this study was found in the PAX6 coding sequence. All SNPs have been reported in the SNP database (http://www.ncbi.nlm.nih.gov/sites/ entrez?dbϭsnp&cmdϭsearch&termϭ/ provided in the public domain by the National Center for Biotechnology Information, Bethesda, MD). In particular, three (SNP6, -7, and -9) of the four tSNPs were identified in our random Chinese samples, whereas SNP2 (also a tSNP) was not found in our random Chinese samples. SNP1 and -3 were identified in our study but not documented in the HapMap database, while SNP4 and -8 were identified in our study and also documented the HapMap database. SNP5 was also tested, as it belonged to the same LD block tagged with SNP6, which showed significant association results (described later). All the SNPs identified were common with MAF Ͼ 0.15 and in HWE (Pϭ 0.198 -0.965) among the parents (n ϭ 328) of the highly myopic families under study. SNP1, which was not documented in the HapMap, was in strong LD with SNP2 (r 2 ϭ 0.93), but not with any other SNPs (Table 2 ). SNP4, -5, and -6 were in tight LD to each other with r 2 Ͼ 0.85, which could be defined as a haplotype block. Meanwhile, SNP8 showed evidence of LD with the SNPs in this block (r 2 Ͼ 0.75). The remaining SNPs (SNP3, -7, and -9) showed evidence of recombination with each other and all other SNPs (Table 2) . 
Genetic Association Study
No significant association of the global statistics was found for the MS marker located in the 5Ј upstream region (P Ͼ 0.05).
Meanwhile, all single alleles of the MS marker did not show significant association except allele (CA) 17 (P ϭ 0.0393), which obviously did not survive the correction for multiple comparisons.
For single SNP marker analysis, no significant association of SNP1, -2, -3, -7, and -9 with high myopia was found under all the genetic models tested. For SNP4 and -8, significant association was observed (P ϭ 0.0107 for SNP4 and P ϭ 0.0202 for SNP8) in the dominant/recessive models only. SNP6 also showed significant association under additive model (P ϭ 0.0460). However, these results became statistically insignificant after the correction for multiple comparisons. On the other hand, under the dominant/recessive models, SNP5 and -6 showed significant association with a global P ϭ 0.0014 for SNP5 and P ϭ 0.0011 for SNP6. The global statistics were still statistically significant even after FDR-based correction for multiple comparisons with the cutoff P ϭ 0.0048 (number of comparisons, 21). For SNP6, the T allele showed significantly increased transmission under the dominant model (z ϭ 3.598, P ϭ 0.0003), whereas the G allele exhibited significantly reduced transmission under the recessive model (z ϭ Ϫ3.598, P ϭ 0.0003). Similar preferential transmission was observed in SNP5. It is interesting to note the reciprocal relationship for bi-allelic SNP markers (Table 3) .
Analysis of SNP6 with GenAssoc gave a GRR of 2.57 (95% CI ϭ 1.46 -4.53, P ϭ 0.0011) for genotype G/T and 2.22 (95% CI ϭ 1.11-4.47, P ϭ 0.025) for T/T with reference to G/G. For haplotype analysis of four tSNPs (SNP2, -6, -7, and -9), mild significant association was found under dominant and recessive genetic models (P ϭ 0.0143 under the dominant and P ϭ 0.0227 under the recessive model) and still survived the multiple comparisons correction of FDR (Table 4) .
According to the tSNP data of phase II HapMap, SNP5, -6, and -8 was in tight LD and could be considered as a "proxy set." 47 Single marker analysis of SNP5 and -6 showed the most significant association with high myopia trait (Table 3) . Therefore, haplotype analysis of these three SNPs was also performed. For the sake of easy discussion, a 0 is inserted when a particular SNP is not involved in the subhaplotype analysis. In the additive model, significant association was demonstrated for haplotypes of SNP5-SNP6-SNP8 ( 2 ϭ 11.401, global P ϭ 0.0033) and subhaplotype of 0-SNP6-SNP8 ( 2 ϭ 12.428, global P ϭ 0.0061). Both probabilities remained significant after correction for multiple testing based on FDR (Table 5 ). When individual haplotypes were considered, significantly increased transmission was found for the most common haplotypes that carried the major alleles of the component SNPs involved: A-T-G (z ϭ 2.151, P ϭ 0.0315), A-T-0 (z ϭ 2.136, P ϭ 0.0327; Table 5 ). In comparison, in the dominant model, all analyses of haplotypes and subhaplotypes showed significant association: global P ϭ 0.0004 for haplotypes of SNP5-SNP6-SNP8, P ϭ 0.0012 for SNP5-SNP6 -0, P ϭ 0.0001 for 0-SNP6-SNP8, and P ϭ 0.0070 for SNP5-0-SNP8. The association was still significant when the global statistics were adjusted for multiple comparisons based on FDR. When individual haplotypes were considered in the dominant model, significantly increased transmission was consistently found for the most common haplotypes that carried the major alleles of the component SNPs involved: A-T-G (z ϭ 3.496, P ϭ 0.0005), A-T-0 (z ϭ 3.600, P ϭ 0.0003), 0-T-G (z ϭ 3.262, P ϭ 0.0011), and A-0-G (Z ϭ 2.674, P ϭ 0.0075; Table 5 ). In the recessive model, no association of haplotypes was found except for the subhaplotypes of SNP5 and -6 ( 2 ϭ 8.119, global P ϭ 0.0173). Significantly reduced transmission (z ϭ Ϫ2.661, P ϭ 0.0078) was observed for the subhaplotype G-G-0 (Table 5) .
DISCUSSION LD Analysis of the Selected SNP Markers in Parental Samples
Selecting tSNPs for association test on the basis of the appropriate LD pattern can greatly reduce the genotyping burden while maintaining sufficient power. 48 Using the phase II HapMap data, we selected four tSNPs (SNPs 2, 6, 7, and 9) in the PAX6 locus for association test with a threshold of r 2 Ͼ 0.8, which could give reasonable efficiency and power. 40 These four tSNPs can serve as proxies for other SNPs in the PAX6 gene. We also screened the variants in the potential functional regions of the PAX6 gene in order not to miss any variants of functional significance that may be directly disease causative. 23, 49 The Han Chinese population used in the HapMap is the northern Chinese (from the Beijing area), who have more mixed genetic background and may be genetically different from the southern Han Chinese. 50 Therefore, LD pattern for the tSNPs suggested by the HapMap and the SNPs identified in our samples was estimated using the parental data of the nuclear families. As expected, the four tSNPs were not in LD with each other. SNP4, which is not documented in the HapMap data for the Chinese population, was in strong LD, with SNP5, -6, and -8 with SNP7 inserted as a "hole" (Table 2) . 51 The allele and genotype frequencies of the SNPs in the parental group were similar to those from the Chinese HapMap data (P Ͼ 0.05; detailed data not shown). Meanwhile, the frequencies of haplotypes consisting of SNP5, -6, and -8 are also similar to those in the Chinese HapMap data calculated by Haploview (data not shown). Although our LD data obtained in the highly myopic nuclear families may be somewhat biased to myopia background rather than nonselected or randomized, the LD pattern established is generally comparable to that defined by the HapMap in Chinese and even in Caucasian samples, demonstrating the usefulness and transferability of the HapMap data across populations. 52 Nevertheless, SNP3 could have been missed if not tested individually, suggesting the complexity of the LD pattern in specific genome regions studied and the usefulness of our LD estimation.
Genetic Association Analysis
Genetic factors were found to play a role in the occurrence of myopia. [11] [12] [13] [14] [15] The profile of genetic and/or environmental components for myopic subjects is highly variable. Using typical high myopia defined as Ͻ Ϫ6 D, which can be taken as an extreme phenotype, could enhance the efficiency of association test and provide greater statistical power for association analysis of myopia candidate genes. 53 The age at onset in all affected subjects in our study was earlier than 12 years (Table  1) , suggesting the likely involvement of a hereditary background for myopia. Besides, AXL measures were also collected in subject recruitment, and the minimum value was 24.80 mm for the affected siblings in this study. Myopia is caused by delicate change in refractive error, with ocular components of AXL, ACD, CP, and LT all being involved. 39 The underlying profile of genetic and/or environmental components for myopic subjects is highly variable. 20 This could confound the association study for myopia. The most significant correlation between AXL and refractive error (Table 1) demonstrated that the posterior axial myopia was studied and the heterogeneity due to other ocular components was considerably decreased. This would give a more homogeneous phenotype. 39, 54 Moreover, typical high myopia is mainly due to the elongation of ocular AXL, and inheritance has significant impact only on AXL but not on ACD or CP. 19, 54 Therefore, strict clinical assessment of high myopia is crucial for minimizing the disease heterogeneity which may confound the association study. In other words, the enhanced homogeneity of the phenotype of our affected subjects enhanced the validity of association test. 55 A recent study found linkage of myopia to a chromosomal region (11p13) where PAX6 was directly underneath the highest linkage peak, but no significant association could be demonstrated in the quantitative TDT analysis. The refractive error of the subjects used in Hammond et al. 37 study ranged from Ϫ12.12 to ϩ 7. 25 D with MSE ϭ ϩ0.39 Ϯ 2.38 D, and was taken as a continuous trait. In comparison, we studied highly myopic subjects with extreme phenotypes (MSE ϭ Ϫ11.99 Ϯ 3.60 D) and considered myopia as a qualitative trait.
The single marker FBAT analysis of SNP6 showed the most significant association with high myopia, which remained significant after the FDR correction under the dominant/recessive models (Table 4) . GRR estimates also indicated that the genotypes G/T and T/T were risk factors for susceptibility to high myopia with reference to G/G (GRR ϭ 2.57, P ϭ 0.0011 for G/T and GRR ϭ 2.22, P ϭ 0.025 for T/T).
Haplotype analysis of four tSNPs only showed moderate significant association (Table 4 ). This was not unexpected because of the high haplotype diversity or linkage equilibrium of the four tSNPs covering the whole PAX6 gene region. 56 Haplotype association test for SNP5, -6, and -8 was performed to detect the subtle association of the potential variants that may exist in this haplotype background. The global haplotype analysis showed strong significant association, particularly under the dominant model (Table 5 ). It is noticeable that haplotypes carrying the T allele of SNP6 always showed significantly increased transmission under the additive and dominant models, whereas haplotypes carrying the G allele of SNP6 showed reduced transmission under the recessive model. This is in line with the single marker FBAT results for SNP6, indicating a consistently increased transmission of allele T to highly myopic siblings. Haplotype analysis of the three tightly linked SNPs is powerful because of the low haplotype diversity and thus low degree of freedom (Table 5) . 57 That 56 families had at least one highly myopic parent and 88 families had family history of myopia demonstrates an obvious hereditary component of high myopia. However, the other 76 families with nonmyopic parents also highlight the high complexity of the genetic network underlying nonsyndromic high myopia. 20 The complicated genetic context of high myopia may also explain the mild significance of association detected. On the other hand, misspecification of a genetic model for a disease could substantially decrease the power of association tests. 58 We used all three genetic models with corrections for multiple comparisons because the exact inheritance mode of high myopia is still not fully understood. Nevertheless, previous studies suggested that the inheritance of nonsyndromic high myopia might be autosomal dominant and highly penetrant. 9, 22 Therefore, it seems reasonable that the most significant association results were always observed under the dominant model no matter whether single or multimarker FBAT analysis was performed (Tables 3, 5) .
It is intriguing to note that SNP5, -6, and -8 were all not investigated in the study by Hammond et al. 37 SNP4 was indeed tested as one of the tSNPs and also noted to be in a low-LD region. 37 Our LD data indicated that SNP4, SNP5, -6, and -8 formed an LD block and were not in LD with any other SNPs ( Table 2) . Testing SNP4 could provide the information about the potential SNPs in LD with it. Nevertheless, the power of the association test with SNP4 for the variants nearby was not perfect (r 2 Ͻ 1), and SNP5 and -6, given the most significant results in our study, were not directly tested in the previous work. 37 Our results suggest that the variants of interest for myopia susceptibility may exist in proximity to SNP5 and SNP6 or their implicated haplotype. Meanwhile, our data showed no evidence of association for the 5Ј region of the PAX6 gene. Other flanking genes, such as ELP4 (elongation protein 4 homologue) located in the 3Ј downstream region, may be worthy of further investigation because the causal variants may be located within adjacent genes. 59 On the other hand, our data also demonstrated the great usefulness of the HapMap data for genetic marker selection. 47 The PAX6 protein is a critical and sequence-conserved factor in human development, and the PAX6-mutant phenotypes are usually catastrophic. 33 PAX6 expression dosage and splicing variation are also critical in eye or brain development. 35, 60 The potential causal variants of the PAX6 gene underlying nonsyndromic high myopia, if any, are more likely located in the regulatory regions, imposing a "fine-tuning" mechanism on the PAX6 expression. Several regulatory binding sites have been identified in the PAX6 gene region including intronic or even downstream regions. 59, 61, 62 However, no common SNPs in the promoter or regulatory regions were identified in our random Chinese subjects (http://www.ensembl.org). 63 we used genome annotation (ElDorado; Genomatix GmbH, Munich, Germany) to search the PAX6 locus for potential transcription factor binding sites of the PAX6 gene. Results suggested that only SNP6 was located in the regulatory binding site of STAT6, a member of the STAT family of transcription factors, 64 which, however, was not experimentally verified. The potential SNPs of interest might be located in the regulatory binding sites in vicinity of the 3Ј region. Further understanding of the complicated regulatory mechanisms of the PAX6 gene will also help in finding the potential causative polymorphisms.
It is tempting to test the case-control association in parental subjects since there were highly myopic (spherical equivalent [SE] Յ Ϫ6.0 D OU, n ϭ 64) and emmetropic parents (SE Ն Ϫ0.75 D OU, n ϭ 208) in our study. A 2 test showed weakly significant results for SNP6 (P ϭ 0.0478, odds ratio ϭ 1.32, 95% CI ϭ 1.12-1.53 with reference to the G allele) and SNP8 (P ϭ 0.0349, odds ratio ϭ 1.53, 95% CI ϭ1.12-1.93 with reference to the A allele). Haplotype A-T-G of SNP5-SNP6-SNP8 also showed borderline association ( 2 ϭ 3.683, P ϭ 0.0550), whereas subhaplotype 0-T-G showed a moderate significant association (X 2 ϭ 4.762, P ϭ 0.0291). Although the significance level is not strong enough to draw a clear conclusion and the sample size was also small, which caused a loss of power in the association test, the results of the case-control test for the parental group provide support for the findings of FBAT. The phenotype match between case and control groups may not be stringent as only refraction status was measured for the parents. However, to avoid the genetic background overlap between the case and control groups, parents with moderate myopia (Ϫ6.0 D Ͻ SE Ͻ Ϫ0.75 D) were not involved and thus could help to enhance the power of association test.
It is intriguing to note several very recent studies reporting conflicting relationships between PAX6 and myopia. Two studies (one American and one British) reported negative association of PAX6 with common myopia, 65, 66 whereas studies in Australian and Taiwan Chinese populations suggested association for PAX6 with high myopia. 67, 68 It is not surprising that the conclusions of these recent reports are equivocal due to the complex etiology of myopia. In particular, the researchers in Australia reported association of some specific mutations in the PAX6 gene with highly myopic subjects. 67 More interesting, the researchers in Taiwan reported strong association of extremely high myopia with PAX6 in a small case-control sample, whereas no association was found if the analysis also included subjects with less extreme myopia. 68 Of interest, the positive SNP (rs667773) reported in their study was also located in the 3Ј region of the PAX6 gene (intron 9), where potential variants responsible for susceptibility to high myopia might exist as discussed earlier. Therefore, we also tested SNP rs667773 in our high-myopia samples. The MAF was 0.198 (T) and the genotypes were in HWE (P ϭ 0.4274) for the parental group. This SNP showed the evidence of LD with SNP3 and -9 (r 2 ϭ 0.67 and r 2 ϭ 0.86, respectively), but was not in LD with any other SNPs. FBAT analysis showed no association for SNP rs667773 in the additive model (P ϭ 0.1582) and only weak association (P ϭ 0.0458) in the dominant/recessive models. The results were not surprising, as rs667773 did not belong to the LD block formed by SNP4, -5, -6, and SNP8, which were found to be significant in our study. Our data did not support the association of rs667773 with high myopia. A similar conclusion was reached when a meta-analysis was performed for rs667773 to pool the results of the case-control study conducted in Taiwan and our family-based study with the method recently proposed by Kazeem and Farrall. 69 The combined odds ratio for the risk allele T was 1.16 (95% CI ϭ 0.87-1.54; P ϭ 0.3226) if the cutoff threshold refractive error was Ϫ6.0 D and was 1.002 (95% CI ϭ 0.71-1.41; P ϭ 0.9889) if the cutoff refractive error was Ϫ10.0 D. A preliminary attempt was also made to conduct meta-analysis for the few PAX6 SNPs that were reported in two or more studies, but failed. The data could not be pooled for meta-analysis because of the data type reported (myopia as a qualitative trait or a quantitative trait) and inability to extract the essential information from the reports.
In summary, based on previous linkage evidence, 37 this study investigated the association between PAX6 polymorphisms and high myopia in a group of southern Han Chinese high-myopia families. The strategy of marker selection based on the HapMap data for association test is logical and is further confirmed by characterizing the LD patterns in our samples. We also tested the potential functional variations identified in the Han Chinese population. The results of this work suggest that the polymorphisms in the PAX6 gene may be associated with typical early-onset high myopia in the southern Han Chinese population and the 3Ј region of the PAX6 gene may contain sequence variations affecting susceptibility to high myopia. Further investigation with larger sample size and more markers will be instructive in elucidating the functional polymorphisms responsible for high myopia development. Replication with independent sample sets from different populations is also needed to validate the results of this study.
